Plume and surface feature structure and compositional effects on Europa's global exosphere: Preliminary Europa mission predictions  by Teolis, B.D. et al.
Icarus 284 (2017) 18–29 
Contents lists available at ScienceDirect 
Icarus 
journal homepage: www.elsevier.com/locate/icarus 
Plume and surface feature structure and compositional effects on 
Europa’s global exosphere: Preliminary Europa mission predictions 
B.D. Teolis ∗, D.Y. Wyrick , A. Bouquet , B.A. Magee , J.H. Waite 
Space Science and Engineering Division, Southwest Research Institute, San Antonio, TX 78238, USA 
a r t i c l e i n f o 
Article history: 
Received 2 May 2016 
Revised 10 October 2016 
Accepted 25 October 2016 
Available online 3 November 2016 
Keywords: 
Europa 
Satellites, atmospheres 
Abundances, atmospheres 
Atmospheres, dynamics 
Ices 
Jupiter 
Volcanism 
Jupiter, satellites 
Satellites, composition 
a b s t r a c t 
A Europa plume source, if present, may produce a global exosphere with complex spatial structure and 
temporal variability in its density and composition. To investigate this interaction we have integrated a 
water plume source containing multiple organic and nitrile species into a Europan Monte Carlo exosphere 
model, considering the effect of Europa’s gravity in returning plume ejecta to the surface, and the sub- 
sequent spreading of adsorbed and exospheric material by thermal desorption and re-sputtering across 
the entire body. We consider sputtered, radiolytic and potential plume sources, together with surface 
adsorption, regolith diffusion, polar cold trapping, and re-sputtering of adsorbed materials, and examine 
the spatial distribution and temporal evolution of the exospheric density and composition. These models 
provide a predictive basis for telescopic observations (e.g. HST, JWST) and planned missions to the Jovian 
system by NASA and ESA. We apply spacecraft trajectories to our model to explore possible exospheric 
compositions which may be encountered along proposed ﬂybys of Europa to inform the spatial and tem- 
poral relationship of spacecraft measurements to surface and plume source compositions. For the present 
preliminary study, we have considered four cases: Case A: an equatorial ﬂyby through a sputtered only 
exosphere (no plumes), Case B: a ﬂyby over a localized sputtered ‘macula’ terrain enriched in non-ice 
species, Case C: a south polar plume with an Enceladus-like composition, equatorial ﬂyby, and Case D: a 
south polar plume, ﬂyby directly through the plume. 
© 2016 The Authors. Published by Elsevier Inc. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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p  1. Introduction 
With the planned ESA JUICE mission and NASA Europa
multiple-ﬂyby mission scheduled to arrive at the geologically ac-
tive icy satellite Europa by the end of the next decade, under-
standing the origin, structure, dynamics and composition of Eu-
ropa’s exosphere has become an urgent priority, and will be key
to decoding the surface and sub-surface composition and chem-
istry. Europa’s presently conﬁrmed exospheric constituents include
O and O 2 ( Hall et al., 1998; Saur et al., 2011; Shemansky et al.,
2014 ), H and H 2 ( Mauk et al., 2003 ), and H 2 O ( Roth et al., 2014;
Roth et al., 2016; Volwerk and Khurana, 2010 ) from radiolysis and
ejection of surface water ice ( Johnson et al., 2013 ), trace amounts
of SO 2 ( Volwerk and Khurana, 2010; Volwerk et al., 2001 ) from ra-
diolysis reactions of surface sulfate salts ( Zolotov and Shock, 2004 )
and/or implanted sulfur ( Brown and Hand, 2013 ), and traces of Na,
Cl, and K ( Brown, 2001; Brown and Hill, 1996; Volwerk et al., 2001 )
possibly from dissociation/ejection of surface hydrated salts deriv-∗ Corresponding author. 
E-mail address: bteolis@swri.edu (B.D. Teolis). 
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0019-1035/© 2016 The Authors. Published by Elsevier Inc. This is an open access article ung from a salty ocean below ( Zolotov, 2008; Zolotov and Kargel,
009 ). Since its discovery twenty years ago ( Hall et al., 1995 ), Eu-
opa’s exosphere has been subject to an intensive observational
nd modeling campaign. Following Saur et al. (1998 ) who applied
 numerical electrodynamically self-consistent plasma interaction
odel to an analytical exospheric proﬁle, Shematovich et al. (2005 )
nd Smyth and Marconi (2006 ) used a Monte Carlo multispecies
pproach to better elucidate the exospheric O 2 , H 2 O, H 2 , and H,
 and OH spatial structure and ionization/loss channels. Cassidy
t al. (2007 ) also explored the hypothesis of O 2 surface reactiv-
ty, and Leblanc et al. (2002 ), Leblanc et al. (2005 ) and Cassidy
2008 ) have studied the structure and evolution of sputtered ex-
spheric trace species with Monte Carlo models. During this time,
ajor progress in understanding the fundamental problem of sput-
ering and radiation chemistry of water ice in the laboratory ( Fama
t al., 2008; Teolis et al., 2009 ) enabled quantitative predictions of
 2 and H 2 synthesis from Europa’s surface ( Cassidy et al., 2013 ) for
hotons, electrons and ions versus energy and (ion) mass, range,
topping power and ice temperature ( Teolis et al., 2010b ), which
 Plainaki et al., 2010 ) have begun incorporating into Europan ex-
spheric models, taking into account the longitudinal dependence
f radiolysis/sputtering ( Milillo et al., 2016; Plainaki et al., 2012 ). nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
B.D. Teolis et al. / Icarus 284 (2017) 18–29 19 
Fig. 1. Schematic drawing illustrating the multiple physical processes considered by our Europa exosphere model and listed in Table 1. 
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c  However the recent detection of possible cryovolcanic water va-
or plumes in Europa Hubble Space Telescope (HST) UV ﬂuores-
ence measurements ( Roth et al., 2014 ), and of potential plume
ctivity in HST UV Jupiter transit occultation data ( Sparks et al.,
016 ), analogous to the plumes found by the Cassini spacecraft at
nceladus, constitutes a paradigm shift from a fully sputtered exo-
phere, to one potentially dominated, continuously or episodically,
y a plume source. A key difference with Enceladus is Europa’s
ore intense gravitation which, contrary to Enceladus, is suﬃcient
o return a major fraction of the ejected plume ( Quick et al., 2013;
uybrighs et al., 2016 ) and/or sputtered material to Europa’s sur-
ace. Therefore surface interaction effects such as surface sticking
re critical to understanding the spatial and temporal variation of
ifferent exospheric species. The Cassini spacecraft’s in situ obser-
ations of seasonal ‘sticky’ O 2 and CO 2 exospheres at Dione and
hea ( Teolis et al., 2010a; Teolis and Waite, 2016 ) have also re-ently demonstrated the need to consider, generally at an icy satel-
ite, the effects of surface regolith gas adsorption on the spatial and
emporal exospheric variability. 
In this paper we develop a multi-species Monte Carlo model
f Europa’s sputtered exosphere and plumes to form a predic-
ive basis for a potential exosphere at Europa. Our approach
o interpreting the surface and (where applicable) plume source
omposition of icy satellites from in situ exospheric sampling is
argely informed by Cassini’s results at Enceladus, Dione and Rhea
 Teolis et al., 2010a; Teolis and Waite, 2016; Waite et al., 2009 ),
hich have illustrated the importance of understanding the source
hysics, gas-surface interactions, and three dimensional structures
f sputtered and plume exospheres. At Enceladus, measurements
f plume outgassing by the Cassini Ion Neutral Mass Spectrometer
INMS) have laid the groundwork for understanding the internal
hemistry of the inferred sea or ocean lying beneath the icy outer
20 B.D. Teolis et al. / Icarus 284 (2017) 18–29 
Table 1 
Physical processes and modeling techniques used to estimate the structure and composition of the Europa exosphere. 
Model Element Description Model Inputs Examples of Technique 
Exospheric Source from Surface Sputtering 
1) Plasma ion tracking code estimates H + , O + , S n + 
surface irradiation ﬂux and its energy distribution 
vs. surface position. 
• Density, composition, energy distribution of 
incident plasma [1–3]. 
Ganymede [4], Europa [5,34], Rhea 
& Dione [6,20] 
2) H 2 O, H 2 , O 2 sputtered ﬂuxes and energies 
estimated from laboratory-based models. 
• Yield functions for protons and heavy ions 
based on laboratory experiments [6–9]. 
• Experimental sputtered energy dist.[10]. 
• Surface temp. vs. position (see below) 
See refs [5–9], for discussion of H 2 O 
yields [5,9] for H 2 and O 2 . 
Europa [5,16]. 
3) Sputtered ﬂux of minor species vs. position 
estimated from the H 2 O loss times the mole 
fraction of each species. 
Surface composition models (cases 20 K and 
80 K) 
Europa [32] 
Particle Propagation in the Exosphere and Surface Interaction 
1) Monte Carlo code ejects simulation 
super-particles from surface with 
Maxwell-Boltzmann (MB) distribution at local 
temp., and propagates them ballistically between 
interparticle collisions until re-striking surface. 
• Ejection distribution (cosine [12–13]). 
• Particle mass, satellite mass and radius. 
• Surface temp. vs. position [11] 
Europa [14–18], Ganymede [19], 
Callisto [33] 
Rhea & Dione [6,20] 
Moon [21,37] 
Mercury [22–24] 
2) Surface temp. modeled vs. surface position by 
ﬁtting a diurnally loaded radiative/thermal 
diffusion model. 
Albedo and surface temp. measurements 
[25–27] 
Model description [28], e.g., Saturn 
icy satellites [29] 
3) Sticking of simulation particles to surface, 
regolith diffusion, and desorption with MB 
distribution at the local temp. according to the 
known vapor pressure of the species in question. 
Stuck particles rotate along with planetary surface. 
Vapor pressures vs. temp. for each species 
(NIST, or [38]). 
“Sticky” exospheres studied at the 
Moon [21,30,31] and Mercury, and 
recently at Saturn icy satellites Rhea 
and Dione [6,20] 
Exospheric Loss 
1) Particles removed from simulation on leaving 
the Hill sphere (Jeans escape), or randomly in 
ﬂight at estimated (summed) loss rate from plasma 
interactions, i.e., dissociation, ionization, charge 
exchange. 
Estimated rates for the plasma interaction 
channels from [18]. 
Europa [14–18,35–36] 
Ganymede [19] 
Rhea & Dione [6,20] 
1. ( Jia et al., 2008 ) 
2. ( Paranicas et al., 1999 ) 
3. ( Sittler and Strobel, 1987 ) 
4. ( Cooper et al., 2001 ) 
5. ( Cassidy et al., 2013 ) 
6. ( Teolis et al., 2010a ) 
7. ( Fama et al., 2008 ) 
8. ( Johnson et al., 2009 ) 
9. ( Johnson et al., 2004 ) 
10. ( Johnson et al., 1983 ) 
11. ( Spencer et al., 1999 ) 
12. ( Cassidy and Johnson, 2005 ) 
13. ( Vidal et al., 2005 ) 
14. ( Cassidy et al., 2007 ) 
15. ( Plainaki et al., 2010 ) 
16. ( Plainaki et al., 2012 ) 
17. ( Shematovich et al., 2005 ) 
18. ( Smyth and Marconi, 2006 ) 
19. ( Marconi, 2007 ) 
20. ( Teolis and Waite, 2016 ) 
21. ( Killen et al., 2012 ) 
22. ( Burger et al., 2010 ) 
23. ( Wurz and Lammer, 2003 ) 
24. ( Cassidy et al., 2015 ) 
25. ( Orton et al., 1996 ) 
26. ( Spencer, 1987a ) 
27. ( Squyres and Veverka, 1981 ) 
28. ( Spencer et al., 1989 ) 
29. ( Howett et al., 2010 ) 
30. ( Crider and Vondrak, 20 0 0 ) 
31. ( Shim, 2001 ) 
32. ( Cassidy, 2008 ) 
33. ( Vorburger et al., 2015 ) 
34. ( Bagenal et al., 2015 ) 
35. ( Dols et al., 2016 ) 
36. ( Lucchetti et al., 2016 ) 
37. ( Grava et al., 2015 ) 
38. ( Fray and Schmitt, 2009 ) 
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Fig. 2. Results of our Europa thermal model, which are input to our exosphere model. Bottom Right: Estimated Europa surface temperature versus local time and latitude. 
Bottom Left: Temperature versus latitude and depth into the regolith, along the 0 ° (local noon) meridian. Top Right: Temperature versus local time and depth along the 
equator. We used a uniform 0.5 bolometric bond albedo (within the range observed ( Buratti and Veverka, 1983 )), and considered a time variable (diurnal), cosine distributed 
solar illumination ﬂux over the dayside, and Stephan–Boltzmann εσ T 4 radiative emission (we used ε = 1). We applied the approach described by ( Spencer et al., 1989 ), 
solving the heat diffusion equation numerically for temperature T versus depth z ; ∂ T / ∂ t = ( I / ρC ) 2 ∂ 2 T / ∂ z 2 ; with the values of regolith thermal inertia I ∼ 58 J/m 2 /K/s 0.5 , 
mass density ρ ∼ 500 kg/m 3 , and heat capacity C ∼ 800 J/kg/K chosen to obtain approximate agreement with Galileo temperature maps ( Spencer et al., 1999 ). 
l  
a  
m  
o  
W  
e  
s  
t  
p  
s  
t  
d  
g  
a  
l  
m
2
 
q  
u  
c  
p  
d  
n  
h  
s  
e  
b  
t  
b  
s  
s  
p  
t  
t  
s  
a  
o  
t  
r  
i  
S  
t  
d  
p  
i
i  
f  
s  
s  
e  
b  
f  
i  
a
 
t  
t  
t  
e  
i  
w  
i  
t  
a  
v  
i  
r  
w  ayer ( Waite et al., 2009, 2011 ), and at Rhea ( Teolis et al., 2010a )
nd Dione ( Simon et al., 2011; Tokar et al., 2012 ), INMS measure-
ents ( Teolis and Waite, 2016 ) were instrumental in the discovery
f seasonal sputter-produced exospheres of radiolytic O 2 and CO 2 .
e build on our successful modeling codes of Dione and Rhea’s
xospheres, to study Europa’s sputtered and possible plume exo-
phere, taking into account (1) sticking and thermal accommoda-
ion, (2) gas diffusion through the porous regolith, (3) cold trap-
ing near the poles, (4) radiolytic O 2 and H 2 production from the
urface ice, (5) sputtering of endogenic non-ice material, (6) sput-
ering and thermal desorption of adsorbed species, and (7) the ad-
ition of plumes. Both surface sputtering effects and plume out-
assing are likely at Europa, and together result in a cumulative
nd potentially transient exosphere. Our modular simulations al-
ow us to more easily adapt as new data become available and icy
oon exospheric processes are reﬁned. 
. Modeling approach 
We summarize the key aspects of the modeling, including re-
uired inputs and simulation techniques in Fig. 1 and Table 1 . We
se a Monte Carlo model to eject molecules from the surface ac-
ording to either a surface source map (for sputtering) or a south
olar point source (plume case), with a suprathermal ‘sputtering’
istribution, or a drifted Maxwellian in the plume case. We do
ot attempt to model the plasma environment and interactions
ere, but instead employ estimates of surface irradiation ﬂux ver-
us surface position based on previous modeling effort s ( Cassidy
t al., 2013; Teolis et al., 2010b ). Molecules are propagated along
allistic trajectories, taking into account Europa’s gravity (by far
he dominant inﬂuence), Jupiter’s gravity and the satellite’s or-
ital and rotational motion (secondary effects). Time-averaged den-
ity statistics are recorded into a 3D mesh grid with 20 km bin
ize. Neutral molecules are removed from the simulation when the
articles leave the Hill sphere (gravitational escape) or stochas-
ically in ﬂight at a rate of 5 ×10 −6 s −1 , which is the sum ofhe estimated impact and photo ionization and dissociative colli-
ion rates as analyzed for O 2 by Huebner et al. (1992 ) (solar UV)
nd Smyth and Marconi (2006 ) (ions/electrons by convolving lab-
ratory cross sections with solar and Jovian magnetospheric par-
icle ﬂux/energy spectra). Future work will incorporate the new
esults of Dols et al. (2016 ) and Lucchetti et al. (2016 ) suggest-
ng that symmetrical O 2 
+ -O 2 charge exchange, not considered by
myth and Marconi (2006 ), may dominate the O 2 loss, increasing
he total rate to ∼10–50 ×10 −6 s −1 and reducing the exospheric
ensities below those presented here. Due to the need for ex-
ediency and, for large molecules, lack of comprehensive impact
onization/dissociation/charge exchange cross section data versus 
on/electron energy, we elected to assume the same total loss rates
or all modeled species as for O 2 ; future work should include more
pecies-speciﬁc rates. Note that for a sputtered exosphere, our as-
umption of a collisionless atmosphere is likely justiﬁed ( Plainaki
t al., 2010 ); however, for the plume condition this approach may
e too simpliﬁed to fully model viscous ﬂow conditions within a
ew tens of kilometers of the plume. As a better understanding of
cy moon physics develops, we will continue to reﬁne model inputs
nd algorithms. 
Molecules returning to the surface ﬁrst stick, then either (1)
hermally desorb at the local surface temperature at a rate given by
he species vapor pressure ( Linstrom and Mallard, 2005 ) according
o an Arrhenius law, (2) re-sputter back into the exosphere with an
stimated sputtering cross section that varies inversely with bind-
ng energy ( Johnson, 1990 ), or (3) diffuse into the porous regolith
ith a diffusion coeﬃcient given by the estimated inter-grain spac-
ng (set to 50 um ( Cassidy et al., 2013 )) and molecular sticking
imes ( Teolis and Waite, 2016 ). Regolith gas and thermal diffusion
re implemented by solving Fick’s law for gas and heat diffusion
ersus depth below the surface, at every point in a 100 ×200 lat-
tude/longitude grid on Europa’s surface. Taking into account Eu-
opa’s disk averaged albedo of ∼0.5 ( Buratti and Veverka, 1983 ),
e have ﬁt the thermal inertia, heat capacity and mass density of
22 B.D. Teolis et al. / Icarus 284 (2017) 18–29 
Fig. 3. Sputtered exospheric (Case A) noon-midnight meridional density cross section for the three dominant exospheric constituents: sputtered H 2 O, and (H 2 O-derived) 
sputtered radiolytic H 2 and O 2 . Red and blue scale bars show the base ten logarithm of the exospheric density (molecules/m 
3 ) and the column density (molecules/m 2 ) 
adsorbed in the surface. View is over the dawn terminator, with the night side darkly shaded at left. These species exhibit three prototypical exospheric distributions: (Top) 
H 2 is light non-sticky, forming an extended uniform exosphere, (Center) O 2 is mainly non-sticky (except for some adsorption in the cold ∼80 K polar regions) but relatively 
heavy, forming a globally distributed low altitude thermal layer, and (Bottom) H 2 O is sticky except over the low latitude dayside, resulting in a global suprathermal exosphere 
and a day side thermal layer. Green line: possible 25 km night-to-day (green arrow) 4.0 km/s south polar spacecraft trajectory. Insets: exospheric density along the trajectory 
shown versus time from closest approach. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Modeled exospheres under sputter-only (Case A) conditions showing examples of different types of exospheric structure that develop depending on the species. Red 
color: gas molecule number density cross section in log scale (scale bar: base ten logarithm of the density in molecules/m 3 ). Blue colors: Adsorbate surface column density, 
including material adsorbed on the surface and diffused into the regolith (scale bar: base ten logarithm of surface column density in molecules/m 3 ). Species with similar 
densities and column densities are grouped to share the same scale bar. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web 
version of this article.) 
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1  he surface regolith to the measured Europan surface temperatures
 Spencer et al., 1999 ) with the approach described by Spencer et al.
1989 ), as shown in Fig. 2 , and used the depth-dependent tem-
eratures to control (versus depth) the gas diffusion rate through
he regolith. Finally, gas ﬂux escaping from the regolith surface by
puttering or thermal desorption is used to re-initialize molecules
ack into the exosphere code from the surface. 
We model the ejection of sputtered and thermally desorbed
olecules with a cosine ejection-angle ﬂux distribution. For ther-
al desorption the ejection velocity distribution is Maxwellian
t the local surface temperature, while for sputtered species the
istribution consists of two components: (1) a directly sputtered
homson-Sigmund supra-thermal component, given by Johnson
t al. (1983 ) for O 2 sputtered from ice, and (2) a thermal
axwellian component at the local surface temperature due to col-
isions within the regolith prior to escape. The relative contribu-
ions of (1)/(2) to the velocity distribution vary between 100/0%
nd 30/70% ( Cassidy and Johnson, 2005 ), proportionally to the ratio
 s /(r s + r t ) of sputtering and thermal desorption rates. Accordingly,
or completely sticky species - at cold local surface temperatures
or which the ratio is unity (e.g., H 2 O, heavy organics) - we as-
ume that the energy distribution is 100% directly sputtered; while
or the volatile species (e.g. O 2 , H 2 , CH 4 ), with zero ratio, we con-
ider that the sputtered/thermal components comprise 30/70% of
he sputtered ﬂux. 
Contrary to the (modeled) secondary sublimation of sputtered
olecules that fall back to the surface, the model neglected ther-
al sublimation of the endogenous surface ice as a signiﬁcant wa-
er source, since on warm surfaces a low volatility lag layer would
e expected to form in the topmost atomic layers ( Spencer, 1987b ).
e estimate a minimum ∼1 (earth) year average lifetime of the lag
ayer against destruction by micrometeorite impacts (taking into
ccount the 9 × 10 5 g/s and ∼1 μm ejecta mass ﬂux and particle
adius ( Kruger et al., 2003 ) to estimate the maximum possible sur-
ace area exposure rate by micrometeoric impact cratering), which
xceeds the lag layer formation time (the monolayer sublimation
ime for ice ( Sack and Baragiola, 1993 ), considering the tempera-
ure, and its diurnal variability at the given latitude) on daysidegurfaces below ∼50 ° latitude. On such warm low-latitude surfaces
constituting ∼75% of Europa’s surface area), the exposure rate of
resh ice by impact cratering to sublimation is therefore ∼1 mono-
ayer (or ∼10 19 molcules/m 2 ) per year, contributing an amount
 ∼7 × 10 24 H 2 O/sec) of material to Europa’s exosphere negligible in
omparison to sputtering ( ∼2 × 10 27 H 2 O/sec ( Cassidy et al., 2013 )).
e have also neglected the exospheric contribution of microme-
eoritic impact vaporization, since the ∼10 7 Watts power deposi-
ion of the impactors (as estimated from the ∼9 × 10 5 g/sec and
21 km/sec impactor mass ﬂux and average speed ( Krivov et al.,
0 03; Kruger et al., 20 03 )) is only suﬃcient (if all the energy goes
nto vaporization) to release ∼10 26 molecules/sec of ice, also less
han the ∼2 × 10 27 H 2 O/sec ejected by sputtering. 
. Composition 
For the sputtered O 2 , H 2 and H 2 O ﬂuxes versus surface lat-
tude and longitude, we use the estimates of Cassidy et al.
2013 ), who have incorporated the most up-to-date laboratory
ased predictions of water ice radiolysis and sputtering yields
 Teolis et al., 2010b ) versus projectile species (electrons, protons,
eavy “water group” and S + ions) and energy. We estimate sput-
ering of other species from the mole fraction abundance of non-
ce material on the surface ( Cassidy et al., 2009 ), according to the
istribution estimated spectroscopically by Grundy et al. (2007 ),
hich peaks on the trailing hemisphere. To model the compo-
ition of the non-ice component, we follow the study of Dalton
t al. (2012 ) and their analysis of trailing edge features rich in
on-ice, and distribute the “neutral dark component” between hy-
rated salt species that have a ﬂat reﬂection spectrum in the ob-
erved infrared band. The ﬁnal composition adopted for the non-
ce component ( Brown and Hand, 2013; Dalton et al., 2012; John-
on et al., 2009 ) was: 60% sulphuric acid hydrate [H 2 SO 4 • 8H 2 O];
% mirabilite [Na 2 SO 4 • 10H 2 O]; 12% hexahydrite [MgSO 4 • 6H 2 O];
2% [MgCl 2 • 10H 2 O]; 5% epsomite [MgSO 4 • 7H 2 O]; 5% [CO 2 ],
nd an ‘Enceladus-like’ ( Waite et al., 2009 ) mixture of organics:
0 −3 methane [CH 4 ]; 10 −4 acetylene [C 2 H 2 ]; 10 −4 ethane [C 2 H 6 ];
0 −4 formaldehyde [H 2 CO]; 10 −4 methanol [CH 3 OH]; 10 −5 hydro-
en cyanide [HCN]; and 10 −6 benzene [C H ]. 6 6 
24 B.D. Teolis et al. / Icarus 284 (2017) 18–29 
Fig. 5. Exospheric density (molecules per unit volume) versus altitude at the space- 
craft point of closest approach, for selected exospheric species for model cases A 
and B at subsolar noon (Top) and midnight (bottom). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Same as Fig. 5 for the south polar plume model (cases C and D). 
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l  We model the plume case by adding a south polar H 2 O source
to the simulated exosphere, with a Maxwellian velocity distribu-
tion at 150 K plus an additional outward surface normal velocity
component to represent the bulk gas ﬂow speed exiting the source.
We set the source rate for a single plume to 500 kg/s and ﬂow
speed to 1.0 km/s, as required to match the HST ∼10 20 H 2 O/m 2 
column density and altitude dependence observed by Roth et al.
(2014 ). Since we have modeled a single plume, our 500 kg/s re-
quired source rate is less than the 70 0 0 kg/s estimate of Roth et al.
(2014 ), who considered two globally distributed plumes (leading
to a large ‘modeling area’ of 50 0,0 0 0 km 2 in their calculation, (see
Roth et al. (2014 ) supplementary material). The plume was as-
signed the same composition as estimated for the Enceladus plume
from Cassini INMS observations, relative to H 2 O at 1.0, giving 0.15
H 2 , 0.009 NH 3 , 0.006 CO 2 , 0.0 06 CO, 0.0 04 NO, 0.0 04 C 2 H 2 , 0.004
N 2 , 0.002 C 2 H 6 , 0.002 CH 4 , 0.001 C 2 H 4 , 0.001 HCN, and a host of
minor species (organics, noble gases, and H 2 S) below 10 
−3 abun-
dance ( Waite et al., 2009 ). 
Early model results indicated complex interactions between sur-
face sputtering processes and plume outgassing, so we tested sev-
eral different model conﬁgurations to capture the range of poten-
tial geological scenarios that might be encountered at Europa. In
the most conservative case (sputter-only, Case A), we assume the
results of Roth et al. (2014 ) are an observational error and that
there have not been active plumes on Europa in geologically recent
times. Another model scenario considers the exospheric effects of
geologic surface features (macula, Case B). Speciﬁcally, we enriched
a model grid cell ( ∼100 ×100 km) in the non-ice material by two
orders of magnitude to simulate a feature such as Thera or Thrace
Macula, which may represent subsurface upwelling of non-ice ma-
terial ( Schmidt et al., 2011 ). A third model examined the addition
of a 500 kg/s plume located at the south pole of Europa, with ma-
terial ejected from the plume subjected to the same model con-
ditions of sputtering and adsorption/desorption. The plume model
was used in both cases Cases C and D, i.e., equatorial and south po-
lar spacecraft ﬂybys during south polar plume activity, respectively.
For all cases we simulated ﬂyby conditions using the 13-F7 set of
spacecraft trajectories, as given in the Europa Clipper Mission En-
vironmental Requirements Document prepared in 2014 by the Jet
Propulsion Laboratory ( Brinza et al., 2014 ). The 13-F7 trajectories
are used as representative trajectories for a mission radiation en-
vironment, and consist of 59 orbits of the planet Jupiter including
orbit insertion. . Results 
The predicted exospheric density distributions for different
pecies ( Figs. 3 and 4 ) have several features in common, depend-
ng on their molecular mass and volatility, as exempliﬁed by the
hree primary sputtered constituents H 2 O, and radiolytic O 2 and
 2 shown in Fig. 3 . First, volatile species such as H 2 and O 2 exhibit
 low-altitude thermalized layer, consisting mostly of molecules in
hermal equilibrium with the surface due to multiple surface colli-
ions. The thermal layer scale height H = kT /mg (1) thickens over
he dayside due to the warmer temperatures, and (2) decreases
ith molecule mass. By contrast ‘partially’ non-volatile species
uch as H 2 O, heavy nitriles and organics, show a suppressed ther-
al layer on the night side due to surface condensation, and
n enhanced layer on the dayside due to sublimation from the
awn terminator as Europa rotates. Finally reactive atomic species
uch as Na and Mg are completely non-volatile, sticking every-
here to the surface, and exhibiting a completely suprathermal
roﬁle (no thermal layer) down to the surface. The global distri-
ution of the thermal layer is not strongly correlated with the sur-
ace sputtering distribution (predominantly from the trailing hemi-
phere), since on average the molecules have exhibited multiple
urface interactions, which effectively randomizes their global spa-
ial distribution. At higher altitudes the suprathermal zone consists
ostly of molecules directly sputtered from the surface, i.e., sput-
ered molecules which have neither (1) thermalized within the re-
olith during the ejection process nor (2) fallen back to the sur-
ace since ejection. Accordingly, the suprathermal layer densities
re somewhat higher over the regions of maximum sputtering:
.g., the trailing hemisphere, and cold surfaces (the night side, po-
ar cold traps) where concentrations of condensed gas can be re-
puttered back into the exosphere. At Saturn’s icy satellites sea-
onal sequestration within the winter polar regolith shields ad-
orbed volatiles against re-sputtering until being re-released back
nto the exosphere the following spring; a phenomenon which
ontributes to the seasonal variability of their exospheres ( Teolis
nd Waite, 2016 ). However owing to the lack of seasons at the
alilean satellites, the nights are short (diurnal) at all Europan lat-
tudes, and most volatile re-release occurs near the dawn termina-
or (not the winter latitudes as at the Saturn satellites). The main
albeit minor) role of the regolith at Europa is to impose an upper
imit (given by the gas thermal speed between regolith grains) on
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Fig. 7. Comparison of the (top) sputtered H 2 O exospheric density cross section 
(Case A) to (bottom) the exospheric contribution from a 500 kg/s, 1 km/s south po- 
lar plume (blue arrow). Approximating the exosphere as collisionless, we summed 
(A) and (B) to model the total water exosphere with a plume (Cases C and 
D). Yellow arrow: slight exospheric enhancement over the north pole due to re- 
sputtering of cold trapped H 2 O. Red color: gas density cross section. Blue color: 
surface adsorbed H 2 O column density. Units: Base ten logarithm of the density 
(molecules/m 3 ) and column density (molecules/m 2 ), respectively. (For interpreta- 
tion of the references to colour in this ﬁgure legend, the reader is referred to the 
web version of this article.) 
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Fig. 8. Modeled exospheres with a south polar plume (Cases C & D) for selected 
plume species showing the different exospheric structures that develop depend- 
ing on the species. Red color: gas molecule number density cross section in log 
scale (scale bar: base ten logarithm of the density in molecules/m 3 ). Blue colors: 
Adsorbate surface column density, including material adsorbed on the surface and 
diffused into the regolith (scale bar: base ten logarithm of surface column density 
in molecules per m 3 ). (For interpretation of the references to colour in this ﬁgure 
legend, the reader is referred to the web version of this article.) 
2  
a  
i
 
g  
a  
s  
r  
g  
t  
p  
f  
i  
b  
s  
e  
b  
r  
c  
t  he desorption rate from the dawn terminator, as the regolith re-
uires a little more time after sunrise (on order of minutes) than a
mooth nonporous surface to degas. 
Our models suggest that the exospheric densities/composition
long potential spacecraft trajectories is dependent on three main
onsiderations ( Figs. 5 and 6 ): (1) altitude, (2) day/night side, and
3) the presence of a plume. Starting with the non-plume cases,
ase A (sputtered exosphere) and Case B (sputtered exosphere with
ocalized macula terrain), we found that the predicted densities are
inimal as expected on the night side, where O 2 , H 2 , and CO 2 den-
ities all dominate over H 2 O at low altitudes below 200 km. Mi-
or organic species have peak densities at lowest altitude (25 km)
hat range from 10 10 m 3 for methane (CH 4 ) to 10 
7 m 3 for hydro-
en cyanide (HCN), with the densities falling rapidly with altitude,
.g., by 1–2 orders of magnitude by 200 km. For the sputtered-
nly dayside ﬂyby, our results suggest H 2 O to be the dominant
pecies, exceeding the densities of O 2 , CO 2 , and H 2 at altitudes be-
ow 400 km. Some simpler organics are also predicted to have en-
anced dayside densities at low altitudes, with some hydrocarbons
uch as ethylene (C 2 H 4 ), methanol (CH 3 OH), and hydrogen cyanide
HCN) increasing by an order of magnitude from night to day at5 km altitude. However other hydrocarbons like methane (CH 4 ),
cetylene (C 2 H 2 ), and ethane (C 2 H 6 ) showed little relative change
n densities at the equator. 
Results for a ﬂyby over a macula terrain (Case B; Fig. 6 ) sug-
est that H 2 O, O 2 , H 2 , and CO 2 remain relatively unchanged when
n enriched feature is on the model surface in comparison to the
puttered-only Case A ( Fig. 5 ). However, simple organics all show a
elative order of magnitude increase in their densities over such a
eologic feature, ranging from 10 8 m 3 for hydrogen cyanide (HCN)
o 10 11 m 3 for methane (CH 4 ) and ethylene (C 2 H 4 ) at closest ap-
roach (25 km), suggesting that potential enrichment from subsur-
ace materials would be detectable above the background sputter-
ng rate. These organic species densities, ratioed to that of O 2 , can
e used as a potential determinant of recent geologic activity, as
hown in Table 4 . Model results suggest that if methane densities
xceed CH 4 :O 2 > 3.5 ×10 −3 during a ﬂyby, then new material has
een introduced to the surface relative to the radiolytic old ter-
ain. Similar ratios for ethylene (C 2 H 4 :O 2 > 1 ×10 −3 ) and hydrogen
yanide (HCN:O 2 > 1 ×10 −4 ) might also help distinguish recent ac-
ivity, however not all organic species modeled achieve densities
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Table 2 
Sputtered exosphere vertical column density es- 
timates over the equator on the day side (noon) 
and on the night side (midnight), and over a 
Macula terrain. Units log 10 of molecules/m 
2 . 
Night Day Macula 
H 2 O 16 .8 18 .9 18 .9 
O 2 18 .0 18 .2 18 .1 
H 2 17 .5 17 .4 17 .4 
SO 2 16 .3 17 .8 17 .7 
CO 2 16 .3 17 .4 17 .4 
Cl 16 .1 16 .7 16 .7 
Mg 15 .9 16 .6 16 .5 
Ar 15 .9 16 .0 16 .0 
Na 15 .1 15 .7 15 .7 
CH 4 15 .0 15 .1 15 .5 
H 2 CO 13 .2 14 .4 14 .9 
C 2 H 6 13 .4 14 .3 14 .6 
C 2 H 2 13 .4 14 .3 14 .6 
CH 3 OH 12 .9 13 .8 14 .1 
HD 13 .6 13 .4 13 .4 
HCN 12 .0 13 .1 13 .5 
Kr 12 .4 12 .9 12 .8 
Xe 11 .2 11 .9 11 .8 
C 6 H 6 10 .9 11 .8 12 .1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3 
South polar plume exosphere vertical col- 
umn density estimates over the equatorial 
day side (noon) and night side (midnight), 
and over a south polar plume. Units log 10 of 
molecules/m 2 . 
Night Day South polar 
H 2 O 18 .2 19 .1 20 .8 
∗
H 2 18 .4 18 .3 19 .6 
NH 3 16 .6 17 .5 18 .9 
CO 16 .9 17 .1 18 .8 
O 2 17 .6 17 .9 17 .2 
CO 2 16 .3 17 .4 19 .0 
N 2 16 .7 16 .8 18 .7 
CH 4 16 .7 16 .8 18 .3 
C 2 H 2 16 .0 17 .0 18 .7 
NO 16 .4 16 .5 18 .7 
C 2 H 6 15 .7 16 .7 18 .4 
C 2 H 4 15 .6 16 .4 18 .0 
HCN 15 .4 16 .3 18 .0 
Cl 16 .1 16 .6 16 .0 
SO 2 15 .8 17 .2 15 .4 
Mg 15 .9 16 .4 15 .7 
H 2 CO 14 .5 15 .6 17 .2 
Ar 15 .4 15 .6 15 .7 
C 2 H 4 O 14 .1 15 .2 17 .1 
C 2 H 2 O 13 .9 14 .9 16 .8 
C 3 H 8 13 .9 14 .9 16 .8 
Na 15 .0 15 .6 14 .9 
C 3 H 6 13 .8 14 .8 16 .7 
C 3 H 4 13 .7 14 .7 16 .7 
C 2 H 7 N 13 .6 14 .6 16 .5 
CH 5 N 13 .5 14 .5 16 .2 
CH 3 OH 13 .6 14 .3 16 .3 
HD 14 .5 14 .3 15 .3 
C 2 H 6 N 2 13 .2 14 .1 16 .5 
H 2 S 13 .4 14 .4 16 .2 
C 2 H 5 NO 2 13 .2 14 .2 16 .4 
C 2 H 4 O 2 13 .2 14 .0 16 .4 
C 2 H 6 O 13 .3 13 .7 16 .3 
CH 3 CN 13 .3 13 .7 16 .1 
C 2 H 6 O 2 13 .3 13 .5 16 .1 
C 3 H 8 O 13 .2 13 .4 16 .1 
C 4 H 10 O 12 .9 13 .6 16 .1 
C 4 H 9 N 13 .0 13 .4 16 .0 
C 4 H 10 12 .7 13 .6 16 .0 
C 4 H 8 N 2 12 .9 13 .2 16 .1 
C 3 H 6 O 12 .8 13 .3 15 .9 
C 5 H 10 12 .7 13 .4 15 .9 
C 5 H 12 12 .7 13 .4 15 .9 
C 3 H 5 Cl 12 .7 13 .4 15 .9 
C 4 H 8 12 .5 13 .5 15 .7 
C 8 H 18 12 .6 12 .7 15 .8 
Kr 11 .7 12 .3 15 .9 
Xe 10 .5 11 .3 15 .0 
C 6 H 6 10 .8 11 .3 10 .5 
∗ Nadir-view column density of ‘point’ 
plume source. The lower ∼20.2 ( Roth et al., 
2014 ) estimate averages lower H 2 O densities 
away from the plume source center due to the 
wide ∼200 km HST data resolution. 
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l  suﬃciently above the background radiolytic ice/non-ice composi-
tion to be a detectable signature for geologic activity. 
The addition of an Enceladus-like plume at the south pole
of our model adds new material which falls back to Europa’s
surface, then sputters or thermally desorbs and spreads globally
( Figs. 7 and 8 ). With a plume in the model, H 2 O becomes the dom-
inant exospheric species everywhere except on the night side ( Fig.
6 ), with ∼10 13 –10 15 m −3 H 2 O densities at 25–200 km altitude de-
pending on location. Water and multiple other plume species, in-
cluding noble gases and multiple nitrile and organic species, are
enhanced globally in the model, and are detectable far from the
plume as shown in the equatorial ﬂyby of Case C. In a simu-
lated ﬂyby directly though the plume (Case D), the model indicates
that all modeled species reach densities above 10 9 m −3 , with most
reaching densities in the range of 10 11 –10 15 m −3 . As shown in Fig.
8 for selected plume species, the predicted gas densities are max-
imal at the plume source and over the dayside as expected. How-
ever heavy species with low scale height (e.g., 132 Xe as shown in
Fig. 8 ) are ionized and lost from the exosphere before spreading
appreciably from the plume, since the average ballistic jump dis-
tance between surface impacts is short at high molecular mass
(e.g., only ∼10 km for thermally desorbed Xe, as compared to
∼90 km for H 2 O). Many species ( Figs. 7 and 8 ) such as H 2 O, CO 2 ,
NH 3 , H 2 S and nitriles and organics (CH 3 OH, C 4 H 8 , HCN; Fig. 8 )
also cold trap near the poles, both in the south near the modeled
plume source, as well as the north. Cold-trapped material which
does not diffuse into the regolith can then be re-sputtered, leading
to an augmentation of the exospheric densities of plume material
over the cold traps far from the plume source which may be de-
tectable during a ﬂyby, as can be seen in Figs. 7 and 8 over the
north pole. A summary of modeled vertically integrated column
density estimates for the Cases A and B (sputtered, macula) and
the south polar plume Cases C and D (equatorial ﬂyby vs direct
ﬂyby through plume) are shown in Tables 2 and 3 . 
5. Summary & next steps 
The inclusion of a gravitationally bound plume into a Europan
exospheric model reveals that plumes, if present, feed a global
exosphere with a complex density and compositional structure,
driven by species-dependent surface interactions. The incorpora-
tion of a broad range of sputtered and plume species into a singleuropan exospheric model, and knowledge gained from the Cassini
pacecraft’s in situ structural and compositional measurements of
nceladus’ plumes and the bound exospheres of Dione and Rhea,
ave produced a useful quantitative modeling tool for extracting
he surface and plume source composition from exospheric den-
ities. A number of important model ﬁndings may be critical to
nterpreting the exosphere found during upcoming spacecraft mis-
ions to Europa. First, if plumes are active during ﬂybys, there
ill be major enhancements in the exospheric densities of H 2 O
nd several organic species over the warm dayside surface. Sec-
nd, sputtered surface material from previously active plumes, po-
ar cold traps, and chemically enriched geologic terrains (macula)
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Table 4 
Gas density thresholds estimated from our models, as a ratio to that of O 2 , necessary for positive 
detection of the sources listed in column 1. T: True, F: False. For example, a simultaneous positive 
detection along any ﬂyby trajectory of H 2 O, CH 4 , C 2 H 4 , C 2 H 6 and HCN above the given ratios would 
indicate current plume activity (either directly below the spacecraft, Case D, or elsewhere, Case C). 
Positive detection of key exospheric species at ratios above those expected for radiolytic old terrain 
(Case A) would provide evidence for new non-ice material on the surface. 
Species density ratio/O 2 H 2 O CH 4 C 2 H 4 C 2 H 6 HCN 
Ratio decision value > 15 > 3.5 ×10 −3 > 10 −3 > 10 −1 > 10 −4 
Plume activity (Cases C & D) T T T T T 
Macula terrain (Case B) F T T F T 
Radiolytic old terrain (Case A) F F F F F 
Fig. 9. An active south polar plume produces varying modeled species column densities (molecules per unit area) along different spacecraft trajectories. Here we use the 
south polar plume model (same as cases C & D) to estimate the column densities intercepted by the proposed 13-F7 Europa mission trajectories, sorted (roughly) vertically 
from low to high abundance species, and horizontally according to (1) the region being sampled (south or north polar, day, dusk or night side), and (2) altitude, from left to 
right. Flyby labels denote the ﬂyby year and day. We calculate the column densities by integrating (below 10 0 0 km altitude) the density along the spacecraft path. 
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s  ay produce detectable exospheric chemical signatures. Addition-
lly, heavy species with low scale heights do not travel far from
heir sources before being lost from the exosphere, and as such,
ay provide evidence of localized enrichment on the surface. Per-
aps most intriguing are the model ﬁnding that young geologic
eatures, whether from a macula or a recent plume, can produce
ignature exosphere compositions (as a ratio to O 2 ) that can be
etected globally on Europa. For example, our models suggest thatf a plume recently erupted at the south pole, the ratio of H 2 O:O 2 
ould be greater than 15:1, even for an equatorial spacecraft ﬂyby.
ther species, such as CH 4 and HCN, can help distinguish new ge-
logic material from older, radiolytic terrain ( Table 4 ). 
While our global plume exosphere provides a valuable ﬁrst pic-
ure of possible exospheric structure and composition, and the de-
ectability and effects of local surface geologic features and plume
ources, future work is required to resolve several major uncertain-
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Fig. 10. Same as Fig. 9 for a sputtered only exosphere (same model as used for Case A). 
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677–679 . ties with regard to the exospheric physics. These include the effect
of (1) self-consistently integrating the exosphere-plasma interac-
tion ( Rubin et al., 2015 ) into our model, (2) low latitude plumes,
and (3) radiolysis of (non-H 2 O) endogenic surface constituents
and condensed plume materials. The low latitude (i.e., non-polar)
plume case is a priority for future modeling studies, since such
plumes may drive a diurnally variable exosphere as plume wa-
ter and other sticky constituents adsorb on the night side, then
desorb upon sunrise as the surface warms. However the mani-
festation of radiolysis of non-H 2 O surface constituents in Europa’s
sputtered material, and the degree of correlation to the compo-
sition detectable remotely by optical spectroscopy, is still a ma-
jor unresolved question requiring future laboratory measurements.
Combined with further remote observations of exospheric and/or
plume structure and dynamics, we anticipate that present and fu-
ture modeling results and experimental data will help maximize
preparedness to plan spacecraft measurements and interpret the
data returned. As an example in Figs. 9 and 10 we integrate (be-
low 10 0 0 km altitude) the exospheric densities along the proposed
13-F7 trajectories, and plot the total column density of each mod-
eled species intercepted by the spacecraft (from low to high col-
umn density on the vertical axis, and horizontally according to re-
gion and altitude) for the plume and sputtered-only models. These
plots provide the end member column densities anticipated based
on our current modeling inputs. As future data and understanding
emerges, these models can be readily updated to further constrain
predicted Europan exospheric abundances. 
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